Structure-based engineering of the tertiary fold of Escherichia coli tRNA 2 Gln has enabled conversion of this transfer RNA to a class II structure while retaining recognition properties of a class I glutamine tRNA. The new tRNA possesses the 20-nt variable stem-loop of Thermus thermophilus tRNA Ser . Enlargement of the D-loop appears essential to maintaining a stable tertiary structure in this species, while rearrangement of a base triple in the augmented D-stem is critical for efficient glutaminylation. These data provide new insight into structural determinants distinguishing the class I and class II tRNA folds, and demonstrate a marked sensitivity of glutaminyl-tRNA synthetase to alteration of tRNA tertiary structure.
INTRODUCTION
A primary classification of transfer RNA molecules is based on the length of the extra arm (or variable loop) region+ The majority of tRNAs possess short variable loops of 4-5 nt (class I), whereas the isoacceptors for serine, leucine, and tyrosine in many organisms and organelles have much longer insertions of 11 nt or greater (class II; Sprinzl et al+, 1998) + The large extra arm of class II tRNAs consists of a helical stem-loop motif that is extruded from the core "hinge" region of the molecule+ Requirements for interaction with the processing, modification, and translational machinery of the cell dictate that all tRNAs of both classes maintain a common L-shaped tertiary architecture+ Therefore, adjacent D and T stem-loop regions must interact with the different variable loops in such a way as to preserve this global structure+
The crystal structure of Thermus thermophilus seryltRNA synthetase (SerRS) complexed with tRNA Ser provides the first detailed description of the architecture of a class II transfer RNA (Biou et al+, 1994) + This structure shows that the orientation of the large variable arm with respect to the body of the tRNA is controlled by stacking of D-loop nucleotide G20b on the proximal base pair of the variable stem+ Base-triple interactions in the augmented D-stem also differ between tRNA Ser and the class I tRNAs of known structure: yeast tRNA Phe (Kim et al+, 1974; Robertus et al+, 1974) , yeast tRNA Asp (Moras et al+, 1980) , yeast and Escherichia coli initiator tRNA Met (Woo et al+, 1980; Basavappa & Sigler, 1991 ), E. coli tRNA Gln (Rould et al+, 1989) , T. thermophilus tRNA Pro (Cusack et al+, 1998) and T. thermophilus tRNA Phe (Goldgur et al+, 1997 )+ The comparisons demonstrate how the D-loop and augmented D-stem regions differ to accommodate the insertion of the enlarged variable loop in this tRNA Ser species+ However, given the extraordinary range of sequence variation in the core region, it is likely that different structural compensations occur in other class II tRNAs (Sprinzl et al+, 1998) 
The tertiary core regions of a number of class I and class II tRNAs are also implicated as specificity determinants for aminoacyl-tRNA synthetases+ Direct contact with the extra arm of tRNA Ser (Asahara et al+, 1994; Biou et al+, 1994) provides recognition in this class II tRNA+ In class I tRNAs, the variable pocket nucleotides 16, 17, 20, 59 , and 60 at the junction of the D and T-loops form a recognition site for E. coli tRNA Arg and yeast tRNA Phe (McClain & Foss, 1988a; Sampson et al+, 1989 )+ Important identity elements are also known in other parts of the core region, for the class I species E. coli tRNA Phe , tRNA Glu , tRNA Ile , and tRNA Cys (McClain & Foss, 1988b; Peterson & Uhlenbeck, 1992; Hou et al+, 1993; Nureki et al+, 1994; Sekine et al+, 1996) + One identity switch involving introduction of a long variable arm into a class I tRNA has been reported (Achsel & Gross, 1993) + In this study, identity determinants of human tRNA Ser were inserted into human tRNA Val , and the requirements for serylation and maturation evaluated+ In addition to the large variable arm, 13 further nucleotides were necessary to confer efficient serylation capacity on the chimeric molecule+ Ten of these nucleotides, located in the D and T stems, appear important for maintaining the tertiary fold as assessed by efficiency of pre-tRNA processing in in vitro extracts+ Valylation was abolished upon introduction of the variable arm, and its possible reconstitution with further nucleotide substitutions was not studied+ Thus, this work establishes a precedent for introduction of a naturally-occurring large variable loop into a class I tRNA, but does not separate nucleotides required for stable folding from those specifying aminoacylation identity (identity elements of human tRNA Val are unknown)+ An important test of our understanding of the nucleotides specifying class I versus class II tRNA folds is the interconversion of these frameworks while retaining function+ To address this we have chosen the E. coli glutaminyl-tRNA synthetase (GlnRS)-tRNA
Gln complex as a model system+ The structure of this synthetasetRNA complex is determined at a resolution of 2+5 Å (Rould et al+, 1989 (Rould et al+, , 1991 , with all nucleotides of the tRNA core region well resolved+ Identity determinants for tRNA Gln reside primarily in the acceptor end and anticodon loop (Jahn et al+, 1991; Hayase et al+, 1992; Ibba et al+, 1996; Sherman et al+, 1996) , and interactions of GlnRS with the globular hinge occur only with the D-stem, D-stem/anticodon stem junction, and 59 D-loop nucleotides+ Integrity of the D-stem, as assessed by the introduction of mismatches at base pair G10-C25, appears not to be important for efficient aminoacylation (Ibba et al+, 1996) + Thus, we postulated that more global modifications to the tertiary core might be well tolerated, and that the structure and stability of such mutants could then be assessed both independently and in their complexes with GlnRS+ GlnRS and GlnRS mutants also aminoacylate class II wild-type and mutant tRNA Ser and tRNA Tyr species in vivo (Inokuchi et al+, 1984; Rogers & Soll, 1988; Swanson et al+, 1988; Normanly et al+, 1992 )+ While k cat /K m levels for glutaminylation of these tRNAs are substantially reduced compared to the cognate interaction (Weygand-Durasevic et al+, 1993) , it is clear that a large variable loop domain can be tolerated to some degree+
As an initial exploration of the nucleotides distinguishing the class I and class II tRNA folds, we introduced the large variable loop of T. thermophilus tRNA Ser into the tRNA Gln framework+ Alignment of these two tRNAs based on the high-resolution X-ray structures was used to predict which alterations in adjacent regions might be needed to produce a stable fold+ Mutagenesis and glutaminylation assays of hybrid tRNA Gln species then showed that only four additional substitutions are required to reconstitute an efficient class II tRNA Gln acceptor in vitro+ In light of these data, sequence analyses of class II tRNAs reveal several covariations among nucleotides in the tertiary core region, with important implications for maintaining stability of the class II tertiary fold+
RESULTS

Experimental design
We wished to construct a class II transfer RNA tertiary framework in tRNA Gln while preserving efficient glutaminylation+ To accomplish this the crystal structures of E. coli tRNA 2
Gln (Rould et al+, 1989) and T. thermophilus tRNA Ser (GGA) (Biou et al+, 1994) , each complexed to its cognate aminoacyl-tRNA synthetase, were superimposed based on sugar-phosphate backbone atoms of nucleotides 9, 13, and 22 in the core of the molecule (root mean square deviation ϭ 1+3 Å; Fig+ 1)+ The alignment reveals how tertiary interactions that stabilize the L-shaped fold differ between these representatives of class I and class II tRNAs+ tRNA Ser possesses a 2-nt insertion in the D-loop relative to tRNA Gln (Fig+ 2A,B)+ Base G20b from this insertion stacks directly on the proximal base pair of the variable stem, apparently controlling its orientation relative to the augmented D-stem+ G20b is perpendicular to and makes van-der Waals contacts with the bases of A21 and C48, and is positioned similarly to U47 in tRNA Gln + The most evident structural difference in the adjacent core, accompanying the insertion of the large variable stem-loop, is the absence of an analog for tRNA Gln A45+ A45 stacks between C9 and A21 in tRNA Gln + To compensate, G9 of tRNA Ser is shifted to stack directly on A21, forming a base triple with G13 and A22+ tRNA Gln C9 is instead positioned on the same layer of the stack as D-stem base pair C12-G23, to form a 9-12-23 base triple (Fig+ 1)+ Of the remaining nucleotides comprising the stacked base layers in the tertiary core region of domain I (Steinberg et al+, 1997), the D-stems of tRNA Gln and tRNA Ser are identical except for the 10-25 pair+ Both tRNAs possess A59, U60, the base triple U8-A14-A21, and the highly conserved Levitt pair G15-C48+ Finally, tRNA Gln possesses a non-Watson-Crick base pair at A26-C44 adjacent to the anticodon stem, in place of the A26-U44 pair in tRNA Ser (the base of A26 is disordered in the cocrystal structure; Biou et al+, 1994) Gln sequence were also made: nucleotides C20 and G20b were added to the D-loop, and the mutations C9G, A13G, and C44U were introduced+ G10-C25 was retained in the D-stem because this pair is important to recognition of tRNA Gln by GlnRS (Ibba et al+, 1996) + The presumed secondary structure of the hybrid molecule, tRNA QSer , is shown in Figure 2C+ Evaluation of tRNA QSer as a functional tRNA
Gln
To evaluate the ability of tRNA QSer to serve as a substrate for GlnRS, G1-tRNA Gln and tRNA QSer genes were transcribed in vitro by T7 RNA polymerase, purified, and renatured by a heating and slow-cooling procedure in the presence of Mg 2ϩ + Both tRNAs contain the substitution U1G to enhance transcription; this mutation is without effect on kinetic parameters for aminoacylation by GlnRS (Jahn et al+, 1991 )+ The purified tRNAs were evaluated for total aminoacylation level with [
3 H]-glutamine, and by steady-state kinetic analysis in the presence of saturating levels of ATP and near-saturating levels of glutamine (see Materials and Methods)+ The pmol/OD level indicates the fraction of total tRNA that is a functional substrate, with a level of 1,600 pmol/OD assumed as 100%+ Only 17% of wildtype tRNA Gln and 9+5% of tRNA QSer transcripts were capable of aminoacylation (Table 1)+ The low levels are likely a consequence of 39-end heterogeneity, which arises because of the premature termination or extension of the transcript+ A "G-slippage" phenomenon, resulting in the addition of at least one untemplated guanosine to the 59 end (Pleiss et al+, 1998) , contributes to size heterogeneity but is not expected to result in inactive tRNAs+ The presence of at least five discrete tRNA bands on denaturing polyacrylamide gels was verified for both tRNA Gln and tRNA QSer (data not shown)+ The reduced levels of functional tRNA were compensated by increasing the concentration of total RNA in aminoacylation reactions (i+e+, an excess of roughly sixfold and tenfold of tRNA was used for tRNA Gln and tRNA QSer , respectively)+ The excess nonfunctional tRNA does not function as an inhibitor, because kinetic parameters for the in vitro tRNA Gln transcript are nearly identical to those for in vivo produced tRNA Gln despite the far higher level of functional molecules in the latter preparations (Sherman & Soll, 1996; Sherman et al+, 1996) + Further, thermal melting profiles indicate that FIGURE 1. Structural models of a portion of the tertiary core regions of class II T. Thermophilus tRNA Ser (GGA) (left) and class I E. coli tRNA 2 Gln (right)+ The figure was constructed by superimposing the two tRNAs based on sugar-phosphate backbone atoms at nucleotide positions 9, 13, and 22 (root mean square deviation ϭ 1+3 Å), followed by translating the molecules apart while maintaining the same orientation+ Structural elements within each tRNA are color-coded+ The 9-13-22 base triple in tRNA Ser is replaced by the 45-13-22 base triple in tRNA Gln + The 9-12-23 triple in tRNA Gln has no counterpart in the class II tRNA+ Only the proximal 3 bp of the tRNA Ser variable stem are shown+ The base of A26 and the anticodon stem/loop are disordered in this tRNA Ser structure+ both RNAs are stably folded at 37 8C (Fig+ 3)+ The degree of hypochromicity and the shape of the melting curve observed for tRNA Gln are very similar to previous characterization of this molecule (Arnez & Steitz, 1994) , whereas the tRNA QSer melt shows a considerably sharper transition (T m ϭ 64 8C) and greater overall hypochromicity+ The roughly twofold difference in total aminoacylation capacity of tRNA Gln and tRNA QSer may reflect altered proportions of runover transcripts produced by T7 RNA polymerase+ tRNA QSer exhibits only a twofold higher K m and fourfold reduced k cat for glutaminylation relative to tRNA 2 Gln (Table 1 )+ Thus, this tRNA is an efficient glutamine acceptor+ To our knowledge this represents the first example of a functional class I transfer RNA molecule possessing an engineered class II fold+
Requirements for efficient glutaminylation of tRNA QSer
To determine if any of the nucleotides introduced together with the tRNA Ser variable arm are dispensable for glutaminylation, we constructed three additional tRNAs+ These modified species revert to the original tRNA Gln nucleotides at position 44 in the variable arm (tRNA QSer_C44 ), or at positions 9 and 13 in the D-stem (tRNA QSer_C9/A13 )+ The third tRNA removes the two inserted bases in the D-loop (tRNA QSer_2D )+ Each of the tRNA genes was transcribed in vitro by T7 RNA polymerase and assayed for plateau aminoacylation level, steady-state aminoacylation kinetics, and thermal melting characteristics+ Denaturing polyacrylamide gels verified an approximately equivalent distribution of QSer_C44 is an improved glutamine acceptor at the level of k cat /K m and is aminoacylated with an efficiency of roughly 25% of tRNA Gln + In tRNA Gln , A26 of the non-Watson-Crick base pair at position A26-C44 stacks between base pairs G10-C25 and C27-G43 of the D and anticodon stems, whereas C44 stacks only with the latter pair+ One hydrogen of the exocyclic amino group of A26 appears to be the donor in hydrogen bonds to both the N3 and O2 groups of C44; the former interaction cannot be made with U44 in tRNA QSer + The introduction of C44 reconstitutes a fully wild-type tRNA Gln structure in the irregular helical region at the junction of the D and anticodon stems, and the slightly improved activity of tRNA QSer_C44 suggests a minor role for this portion of the tRNA in recognition by GlnRS+ This is consistent with observed direct contacts between GlnRS and tRNA Gln nucleotides 25-27 in this region+ Identityswitch experiments between tRNA
Gln and E. coli tRNA Glu have also indicated that some anticodon stem sequences may constitute moderate negative determinants to GlnRS recognition (Rogers & Soll, 1993 (see Materials and Methods)+ The behavior suggests a perturbation at the glutamine binding site in the GlnRS-tRNA QSer_2D complex; the possibility for such long-range functional coupling has been suggested before based on elevated glutamine K m values measured for mutant complexes (Rogers et al+, 1994; Ibba et al+, 1996; Kitabatake et al+, 1996; Sherman et al+, 1996) (Cole et al+, 1972; Yang & Crothers, 1972; Crothers et al+, 1974; Filimonov et al+, 1976; Privalov & Filimonov, 1978 )+ Four to five separate transitions have been identified, and assigned via NMR and temperature-jump kinetics to the melting of different helices+ While several of these studies examined both class I and class II tRNA species, no specific features of the melting curves were assigned to the presence of the extra arm, and the class II tRNAs did not show enhanced thermostability+ Therefore, the better-defined and apparently more cooperative transitions in tRNA QSer and several of its derivatives appear not to be a general distinguishing characteristic of class I versus class II tRNAs+ Further, because all of the melting transitions in tRNA are known and correspond to the helical stems and tertiary core region, the 59-and 39-end heterogeneity in the transcripts cannot significantly influence the observed profiles+ No differences in the structures of the acceptor, D, anticodon, or T stems exist between tRNA Gln and tRNA QSer + The distinct melting curves of these species must therefore arise from either the particularly large variable stem-loop in tRNA QSer , or from a very stable structure produced at the junction of the variable stem with the core region+ It should also be noted that the tRNAs were prepared for melting analysis by dialysis into a buffer lacking Mg 2ϩ cations, after refolding in the presence of 10 mM MgSO 4 + Possibly, tRNA QSer , tRNA QSer_C44, and tRNA QSer_C9/A13 possess a tight Mg 2ϩ binding site from which the metal is not removed by dialysis, and which is either not present or is weakened in G1-tRNA Gln and tRNA QSer_2D + Regardless of the detailed rationale for the distinct behaviors, however, the melting analysis provides a convenient solution assay, independent of function in aminoacylation, which reports on whether derivative species possess the particular tertiary structure of tRNA QSer + The 2-nt insertion in the D-loop, missing in tRNA QSer_2D , is evidently essential to stabilizing some aspect of the tertiary structure of tRNA QSer (Fig+ 3)+ This is consistent with the crystal structures, since deletion of these nucleotides removes the "platform" base G20b upon which the proximal base pair of the variable stem rests (Fig+ 1)+ Because tRNA QSer_2D is as stable as the class I G1-tRNA Gln , this analysis also suggests that the variable stem-loop may function as an independent folding domain in class II tRNAs+ Its destabilization (or the destabilization of a structural element closely linked to it) does not result in global unfolding of the molecule+
The known functional importance of the variable stemloop in enzyme recognition suggests that it is normally well ordered and thus likely contributes to the structure and stability of the hinge region (Wu & Gross, 1993; Asahara et al+, 1994) + By this criteria, therefore, tRNA QSer_2D may not be classifiable as a genuine class II species+ To investigate whether an enlarged D-loop is a required characteristic of class II tRNAs, we compiled information from the tRNA sequence database (Sprinzl et al+, 1998) and divided it into separate contributions from class I and class II species, for all nonmitochondrial elongator tRNAs (Table 2)+ The analysis reveals nine known examples of class II tRNAs that possess D-loops having a short "b" region of only 2 nt ( Table 2 )+ The sequences of these tRNAs were aligned to determine whether particular structural features, absent from tRNA QSer_2D , might be commonly present (Fig+ 4)+ These alignments show that five of the nine species possess at least one unpaired nucleotide inserted between the variable and T-stems+ One of these species also has inserted nucleotides in the connector region spanning the acceptor and D-stems+ The four other tRNAs with short D-loop b regions possess unusual variable arms for which the secondary structures cannot be predicted with confidence (Fig+ 4)+ However, the presence of 39-unpaired nucleotides in the variable stem appears quite possible for all of these species+ These results suggest that there may be several other designs for the class II tertiary fold, all of which can maintain a stable tertiary structure+ It is plausible that, in these nine tRNAs with very short D-loops, the unpaired bases from the variable/ T or acceptor/D connector regions stack into the tRNA core+ In this way they might then perform the function of nucleotide G20b in T. thermophilus tRNA Ser (GGA) and (in all likelihood) tRNA QSer + Similar types of structural compensations in class II tRNAs have been suggested in the context of understanding folding of the unusual selenocysteine tRNA Sec species )+ In this study, molecular modeling and energy minimization techniques were used to build several stable alternative configurations of the class II core+ These models feature bases from the acceptor/D-stem and variable/ T-stem connectors stacking in the position of G20b of T. thermophilus tRNA Ser (GGA)+
Importance of the 9-13-22 base triple
The severe impairment of tRNA QSer_C9/A13 in glutaminylation suggests an important role for a presumed 9-13-22 base triple in recognition of tRNA QSer by GlnRS+ In tRNA Ser , this base triple is composed of the three purines G9-G13-A22, whereas in the class I tRNA Gln a The five most common nucleotide combinations for each structural element are shown+ Data are compiled for all nonmitochondrial elongator tRNAs+ The total number of sequences analyzed is 1,385 for class I and 353 for class II+ b Secondary structures for two class I tRNAs are ambiguous such that the assignment of nucleotide 9 is not included+ Class II selenocysteine tRNAs possess additional nucleotides between the acceptor and D-stems; for these species, the identity of the nucleotide directly 39 to position 8 is compiled+ c This number includes six selenocysteine tRNAs and five tRNAs of other specificity (Fig+ 5)+ d The nomenclature for D-loop structure follows Giege et al+ (1993) , in which a and b represent the number of nucleotides present 59 and 39 to the conserved guanosines at positions 18 and 19+ Nucleotides 13 and 22 are considered to be part of the D-stem, regardless of whether they form a Watson-Crick pair+ the triple at the analogous position is A45-A13-A22 (Fig+ 1)+ To evaluate whether purines are needed at these positions to maintain structure, we again examined the tRNA sequence database (Sprinzl et al+, 1998 ; Table 2 )+ This analysis shows that of 353 class II sequences, cytidine is present at position 9 in only five tRNAs and the C9-A13-A22 triple in tRNA QSer_C9/A13 is present in only three+ There are also only eleven examples of uracil at position 9 in class II tRNAs+ These sequences were examined to assess whether a pyrimidine at position 9 in class II tRNAs might require a compensating structural feature elsewhere in the molecule (Fig+ 5)+ The alignments show that nearly all such class II tRNAs possess at least one unpaired nucleotide 39 to the variable stem, adjacent to the augmented D-stem (nucleotide C48 is paired with G15 in the Levitt interaction; Fig+ 1)+ Interestingly, this nucleotide is conserved as a uracil+ The only exceptions to this are several of the very unusual selenocysteine species' tRNA Sec , which possess unpaired nucleotides 59 to the The correlation of Py9 with unpaired nucleotides adjacent to C48 provides further insight into the requirements for folding in class II tRNAs+ It appears that a purine at position 9 may be crucial for adequate stacking on the base at position 21, which is also very highly conserved as a purine (Fig+ 1, Table 2 )+ Thus, a pyrimidine at position 9 may destabilize the structure owing to a decreased favorable free energy of base stacking+ Alternatively, it is possible that Py9 may form fewer or weaker hydrogen bonds within a 9-13-22 base triple than could be formed by a purine+ Because tRNA QSer_C9/A13 retains a large D-loop, it is not immediately evident how additional nucleotides, located between U47q and C48 (Fig+ 1), might help reconstitute the structure+ One plausible hypothesis is that these class II tRNAs possess a class I-like 9-12-23 triple instead of the class II 9-13-22 triple+ Further rearrangements would then be required, to permit one or more of the unpaired nucleotides to stack inside the core region, stabilizing the fold+ Model building and energy minimization should be helpful in evaluating the possibilities+ Such studies might be helpful in providing a hypothesis for why the unpaired base is conserved as a uracil+
In tRNA QSer_C9/A13 , a pyrimidine at position 9 without the additional unpaired variable loop nucleotide produces a very low proportion of functional transcripts after refolding in the presence of Mg 2ϩ (Table 1 )+ The stability of the molecule (Fig+ 3) suggests that it may fold into an alternative stable conformation+ No global alteration to the fold is suggested, however, from a secondary structure prediction algorithm (data not shown), so that the differences from native tRNA may be fairly localized+ GlnRS interacts directly with the 59 side of the D-stem and adjacent D-loop nucleotides but not with discriminating groups on the bases of C9 or A13+ Thus, the very strong effect on k cat is likely manifested via an indirect effect on the enzyme-RNA backbone contacts, ultimately resulting in mispositioning or destabilizing the tRNA acceptor end in the active site+ The k cat effect is unusual because the mutation of nucleotides involved in tRNA architecture often results instead in significant increases in K m (Perret et al+, 1992; Puglisi et al+, 1993; Rogers & Soll, 1993; Frugier et al+, 1994 )+ Strong effects on k cat are normally associated with the mutation of identity nucleotides in direct contact with the enzyme (Giege et al+, 1993) , although an extreme disruption of the yeast tRNA Asp D-loop/T-loop contacts did substantially lower k cat as well (Puglisi et al+, 1993 )+
The sharply reduced activity of tRNA QSer_C9/A13 also demonstrates that efficient tRNA recognition by GlnRS can be quite sensitive to the RNA tertiary structure+ Previous work exploring the importance of the tertiary fold in native class I tRNA Gln suggested instead that the enzyme readily tolerates alterations in the core region (Rogers & Soll, 1993; Frugier et al+, 1994; Ibba et al+, 1996) + A new stronger dependence upon tertiary structure may be a specific property of tRNA QSer , raising the possibility that tRNA Gln and tRNA QSer have different recognition sets even though they are aminoacylated by the same synthetase+ Perhaps the 9-13-22 base triple in tRNA
QSer has a dual role as both a recognition element and a key component of local structure in the augmented D-stem+ Comparative analysis of the role of the tRNA scaffold in these two GlnRS substrates may yield insight into the relationship between tRNA tertiary structure, stability, and synthetase recognition+ This relationship remains poorly understood, in part because of the great tolerance for variation in tRNA tertiary structure while preserving function in aminoacylation (Table 2 ; Peterson et al+, 1993 )+ As one of the best-studied synthetase-tRNA pairs, the E. coli glutamine system appears very well-suited for exploring these complex questions+
MATERIALS AND METHODS
Plasmid constructions
Oligonucleotides were purchased from IDT Technologies and enzymes were purchased from New England Biolabs+ Each tRNA gene was constructed from four pairs of complementary synthetic oligonucleotides consisting of a 59 T7 promoter followed by the tRNA 2 Gln gene containing a U1G substitution required for efficient transcription+ For the cognate tRNA 2 Gln the four pairs of oligonucleotides are: 1 (59-aattgctgctgTAATACGACTCACTATAG-39/ 39-cgacgtcATTATGCTGAGTGATATCCCCA-59) 2 (59-GGGGTATCGCCAAGCGGTAAGGCACCGGAT-39/ 39-TAGCGGTTCGCCATTCCGTGGCCTAAGAC-59) 3 (59-TCTGATTCCGGCATTCCGAGG-39/ 39-TAAGGCCGTAAGGCTCCAAGCT-59) 4 (59-TTCGAATCCTCGTACCCCAGCCAgg-39/ 39-TAGGAGCATGGGGTCGGTccctag-59)+ Bold type corresponds to the T7 promoter, capital letters to the G1-tRNA Gln sequence and the underlined type to the variable loop region+ A Bst NI site is located at the 39-CCA sequence for runoff transcription+
The oligonucleotides were phosphorylated in separate reactions as described (Sampson & Uhlenbeck, 1988 )+ The oligonucleotide pairs were annealed separately in 100 mM NaCl, 50 mM Tris (pH 7)+ The DNA was brought to 95 8C for 10 min in a heat block and allowed to slowly cool to room temperature+ After annealing, the four pairs of duplex DNAs were combined and ligated for 12 h at 16 8C using T4 DNA ligase+ The product was then ligated into pUC19 vector previously digested with EcoRI and BamHI+ DNA sequencing in both directions was performed using NEB primers #1233 and #1244+ Other mutants (Table 1) were constructed by identical procedures with appropriate substitutions in the oligonucleotides+ Enzyme purifications T7 RNA polymerase was purified as described (Grodberg & Dunn, 1988 ) from E. coli BL21 cells containing the plasmid pAR1219+ Purified enzyme was stored at Ϫ20 8C in a buffer containing 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 50% glycerol, 20 mM sodium phosphate (pH 7+8)+ Glutaminyl-tRNA synthetase was purified by a two-column procedure (Hoben et al+, 1982 ) from E. coli K12⌬H1⌬trp cells containing the overexpression vector pMN20 (Perona et al+, 1988 )+ The enzyme was stored at Ϫ20 8C at 20 mg/mL in a buffer containing 50% glycerol, 50 mM KCl, 20 mM KH 2 PO 4 (pH 7+2), 20 mM b-mercaptoethanol+
In vitro transcription of RNA
Plasmid DNAs were used as templates for run-off transcription+ Large quantities of plasmid were obtained from growth of 0+5-2 L of E. coli, followed by cell harvesting, lysis, and extraction of plasmid using Megaprep kits (Qiagen)+ Plasmid DNAs were subjected to three phenol/chloroform/isoamyl alcohol extractions followed by a chloroform/isoamyl alcohol extraction (Sambrook et al+, 1989 )+ The RNase-free template was linearized for transcription with Bst NI+ Transcription was performed essentially by the protocol of Milligan et al+ (1987) + The transcription reactions were incubated for 8-12 h at 37 8C+ RNAs were purified following the general procedures described (Arnez & Steitz, 1994 )+ Following transcription, RQ1 RNase-free Dnase (Promega) was added (100 U/mg template) and incubated at 37 8C for 2 h+ EDTA was then added to a final concentration of 20 mM to redissolve the Mg-PP i precipitate+ After a phenol/chloroform/isoamyl alcohol extraction, the RNA was further purified on a Sephadex G-25 gel filtration resin (Pharmacia)+ Fractions containing RNA were pooled, ethanol precipitated, resuspended in water, resubjected to DNase treatment, and phenol extracted+ This RNA was again subjected to gel filtration and finally pooled+ The RNA was then refolded at 1 mg/mL in a solution of 10 mM MgSO 4 and 5 mM PIPES, (pH 7+5) by heating to 80 8C for 10 min, followed by slow cooling+ Refolding was performed immediately prior to aminoacylation+ Gel excision of tRNA bands was not carried out because of the difficulty in separating, on a preparative scale, the large 94-nt tRNA QSer and derivative species+ Further, it has been shown for G1-tRNA Gln that the presence of both 59-end and 39-end heterogeneity produces nonidentical transcripts of equivalent length, so that rigorous size purification of homogeneous RNA is not possible (Pleiss et al+, 1998 )+
Aminoacylation assays
Aminoacylation was performed by filter binding assay (Hoben & Söll, 1985) to monitor incorporation of radiolabeled glutamine into bound tRNA+ Conditions for aminoacylation assays were similar to those described (Sherman & Soll, 1996; Sherman et al+, 1996) + The fraction of tRNA transcripts capable of being aminoacylated by GlnRS was determined by assays under conditions giving maximal incorporation (approximately tenfold molar excess of enzyme over tRNA)+ A series of tRNA concentrations (0+4-4+0 mM) were used for each substrate+ pmol/OD values were calculated separately for each concentration of tRNA+ These assays were carried out in the presence of 4 mM ATP for all substrates and 4 mM (Rogers & Söll, 1993; Sherman & Söll, 1996) For all steady-state kinetic determinations the assay mix consisted of 50 mM Tris-HCl (pH 7), 4 mM ATP, 675 mM unlabeled glutamine, 5 mM [ 3 H]glutamine (Amersham), 10 mM magnesium acetate and glutaminyl-tRNA synthetase (1-10 nM)+ tRNA at five concentrations bracketing the K m was used for each assay+ The tRNA:GlnRS ratio is 30:1 or greater in all assays, ensuring that steady-state conditions apply+ The concentration of glutamine used represents the practical maximum and is three-to fourfold above the K m for glutamine as determined in the presence of the cognate tRNA Gln + While this is likely to be near saturation for wild-type, it is known that the K m for glutamine can be elevated for glutaminylation of modified complexes (Hong et al+, 1996; Ibba et al+, 1996; Kitabatake et al+, 1996) + The k cat and K m determinations reported for the modified tRNAs should thus be understood as apparent values+ The concentration of tRNAs used in the steady-state kinetic time courses represents the concentration of functional molecules as assessed by pmol/OD levels, and assuming 1,600 pmol/OD for fully functional tRNA+ The tRNA concentrations used are: 0+1-1+0 mM (G1 tRNA 2 Gln in vitro); 0+2-1+0 mM (tRNA QSer ); 0+1-0+9 mM (tRNA QSer_C44 ); 0+2-2+0 mM (tRNA QSer_C9/A13 ); 0+2-2+0 mM (tRNA QSer_2D )+ All data were taken at time points for which less than 20% of the tRNA substrate was converted to product+ The data were analyzed by Eadie-Hofstee plots+
Thermal melts
Melting curves were performed by refolding tRNA substrates at a concentration of 1 mg/mL in 10 mM MgSO 4 , 5 mM PIPES (pH 7+5)+ Refolded tRNA was then dialyzed into a buffer containing 50 mM PIPES (pH 7+5), 30 mM (NH 4 ) 2 SO 4 + The samples were then diluted in this buffer to concentrations of 30-40 mg/mL+ The change of absorbance at 260 nm was monitored on a UVIKON 9410 spectrophotometer (Kontron Instruments)+ The temperature was raised from 25 8C to 82 8C at a rate of 1 8C per minute with a NESLAB programmable temperature bath+ Three data sets were collected for each substrate, each with one data point collected per degree of temperature rise+ Data were normalized such that the A260 at 82 8C corresponds to 1+0+ Normalized values were averaged at each data point prior to plotting+
